The data are listed on this website by year: <https://wwwn.cdc.gov/nchs/nhanes/Default.aspx>.

Introduction {#sec006}
============

Perfluoroalkyl substances (PFASs), which include perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), are synthetic compounds used in fluoropolymer synthesis. These compounds are important in the manufacture of many fire resistant, stain resistant, and non-stick products \[[@pone.0203330.ref001]\]. Concern about human exposure to these chemicals has increased due to findings of their ubiquity and persistence in the environment \[[@pone.0203330.ref002]--[@pone.0203330.ref004]\] as well as their presence in detectable amounts in over 98% of blood samples from a representative sample of the U. S. population \[[@pone.0203330.ref005]--[@pone.0203330.ref006]\]. PFASs can be ingested from food and contaminated water \[[@pone.0203330.ref007]\], and seem to be transferred through the placenta during pregnancy \[[@pone.0203330.ref008]--[@pone.0203330.ref009]\]. Exposure to these chemicals has been linked to liver, lung, and kidney damage as well as to immune changes in rats \[[@pone.0203330.ref010]\] and mice, \[[@pone.0203330.ref011]--[@pone.0203330.ref013]\] at concentrations similar to those found in humans \[[@pone.0203330.ref014]\]. In vitro studies using human cell lines have also shown that PFASs suppress natural killer cell activity and cytokine release \[[@pone.0203330.ref015]--[@pone.0203330.ref016]\]. More importantly, recent studies in humans suggest an association between PFAS exposure and decreased immune response to vaccination. In a prospective cohort study of children ages 5 and 7 years, it was reported that increased exposure to PFASs was associated with decreased humoral immune response to childhood tetanus and diphtheria immunizations \[[@pone.0203330.ref017]\]. Another prospective cohort study found that increasing maternal PFAS levels were associated with decreased rubella antibody titers in their children at age 3 \[[@pone.0203330.ref018]\]. In an adult cohort from a PFOA contamination area it was found that increased PFOA exposure was associated with reduced immune response to influenza vaccination and an increased risk of not meeting the antibody threshold needed for long-term protection \[[@pone.0203330.ref019]\].

Despite these data, the mechanism through which PFASs might modulate the immune system are still unknown, although there are suggestions of an association with the peroxisome proliferator activated receptor alpha (PPAR alpha) \[[@pone.0203330.ref020]\]. It is also not known whether other childhood immunizations may be affected by PFAS exposure or whether immune responses in a typical adult are affected. *The objective of this paper* was to test whether the rubella titres of MMR (measles-mumps-rubella) immunization are vulnerable to influence from PFAS exposure in adults and youth. To do this we analyzed NHANES data, a nationally representative sample that measured not only PFASs but also rubella titres. Rubella seemed an important outcome to measure because it causes '3-day measles', which can have the devastating consequence of miscarriage in pregnant women. The relevance of this question is particularly important to pregnant women who have been vaccinated and believe themselves to be resistant \[[@pone.0203330.ref021]\].

Traditionally, toxicology analyses are very often calculated by controlling for the effect of ethnicity and sex, despite the lack of any clear justification for doing this. The authors have found sex specific physiological responses associated with PFASs in their earlier work \[[@pone.0203330.ref002]\] but have not examined ethnicity differences. Based on previously published data showing lower PFAS concentrations in menstruating women \[[@pone.0203330.ref022]--[@pone.0203330.ref026]\] that may be as great as 30% or more \[[@pone.0203330.ref025]--[@pone.0203330.ref026]\], the hypothesis of this paper was that sex is an effect modifier and that by not stratifying analyses, there is a risk that overall results will mask true associations. Given the importance that a reduction of immunity to rubella in women might pose, this seemed especially important to test.

Materials and methods {#sec007}
=====================

Participants {#sec008}
------------

We analyzed merged data from the 1999--2000 and 2003--2004 cycles of the National Health and Nutrition Examination Survey (NHANES). In brief, the NHANES survey includes a stratified, cross-sectional, multistage probability sample representative of the civilian non-institutionalized U.S. population. The sample is structured so that in principle, everyone in the U.S. has an equal probability of being selected, and there is oversampling of low-income persons, those 60 years of age or older, African Americans, and Mexican Americans to provide stable estimates for these groups. These particular survey years were chosen because the survey included biomonitoring for PFASs by the National Center for Environmental Health in a random subsample of a third of the participants.

Detailed descriptions of the NHANES study design and methods are described elsewhere \[[@pone.0203330.ref027]\]. Because the NHANES cohort changes with every iteration, these data are cross-sectional, not prospective. Subjects were required to sign a consent form before participation, and approval was obtained from the Human Subjects Committee of the US Department of Health and Human Services. The data analyzed in this study were anonymized public use data available on the NHANES website.

Our sample consisted of NHANES participants 12 years of age or older for whom measurements were available. There were 1387 adults (19--49), of whom 1202 had data available for PFASs, rubella, and ethnicity and were not pregnant at the time of measurement (87%). Data on young children was not available. Youth were defined as the age group ranging from 12 to 18 years. The resulting participants were 621 adult men, 581 adult women and 1012 youth. Race / ethnicity was a designated classification in the NHANES dataset.

Rubella IgG titers {#sec009}
------------------

In NHANES 1999--2000 and 2003--2004 blood specimens were processed, stored and shipped to Viral and Rickettsial Disease Laboratory, California State Department of Health Services, Berkeley, California for analysis. The laboratory procedures for determining rubella IgG titer are outlined in the Laboratory Procedure Manual: Measles, Rubella, and Varicella-Zoster Antibodies \[[@pone.0203330.ref027]\]. Rubella titer values were log-transformed due to the skewness of their distribution. Rubella was also classified as protective or non-protective titer; a rubella titer of ≥10 IU is considered protective \[[@pone.0203330.ref028]\]. Preliminary analyses showed that most of the participants were above this threshold (e.g., 94% of adults and 90% of youth), Seropositivity is a measure of clinical risk but is not a proxy for whether or not someone has been vaccinated \[[@pone.0203330.ref028]\]. We were concerned that excluding anyone under this threshold might bias our analyses by excluding those individuals most affected by the endocrine disruption of PFASs. Therefore, all of whom were included in the analyses.

PFOS and PFOA {#sec010}
-------------

Rigorous procedures and quality-control were used in blood collection and details about these procedures are available in the NHANES Laboratory Procedures Manual \[[@pone.0203330.ref027]\]. PFOS and PFOA were measured in serum of participants by the National Center for Environmental Health, using automated solid-phase extraction coupled with isotope dilution high-performance liquid chromatography-tandem mass spectrometry. Details of laboratory methods have been published previously \[[@pone.0203330.ref005]\]. The limits of detection were 0.1 ng/mL for PFOA and 0.2 ng/mL for PFOS, and the interassay coefficients of variation were 11% for PFOA and 13% for PFOS.

Covariates {#sec011}
----------

Age, race/ethnicity, and educational level (high school, less than high school, more than high school) were assessed using the demographic questionnaire. BMI was calculated as weight in kilograms divided by height in meters squared. This covariate was included because earlier work summarized by Knox et al. \[[@pone.0203330.ref002]\] showed that PFOA may vary in obese subjects, leading to their analyzing the data in that paper by BMI. They found inconsistent results and we believe that including it as a covariate was warranted. Because literature suggests that pregnancy and birth impact PFASs levels, such that the higher the number of births the lower the mothers' PFAS concentration \[[@pone.0203330.ref008]\], parity was assessed using the reproductive health questionnaire and controlled for in the analyses in women. For these analyses, parity was defined in the dataset as the number of live births. Although stillbirths might also have resulted in loss of PFASs, that data was not available. This was also warranted because the dichotomous variable of having or not having a child in this particular sample is associated with rubella titer. In women, the number of live births was included as a covariate because it was associated with PFAS levels (women lose PFASs with blood). Education was not included as a covariate in the youth analyses because it is linearly associated with age.

Statistical approach {#sec012}
--------------------

Earlier research has reported sex differences in the biological effects of PFASs \[[@pone.0203330.ref002]\], as well as sex \[[@pone.0203330.ref029]\] and racial \[[@pone.0203330.ref030]\] differences in humoral immunity. Our earlier research \[[@pone.0203330.ref002], [@pone.0203330.ref008]\] and that of others indicates that circulating PFAS levels in pregnant women and women who have given birth are lower than those of non-pregnant women who have never given birth. The probable reason is that these chemicals, which are otherwise bioacumulative, are transferred to the fetus during gestation \[[@pone.0203330.ref008]\]. Women also lose PFASs with menstrual blood. However, this does not mean that the association with Rubella titres is influenced by sex. Given earlier significant results of PFASs on serum vaccine antibodies in children \[[@pone.0203330.ref017]\], we believed that the most logical analytic strategy would be to start by calculating separate analyses in youth and adults. An additional reason is that adult women differ from youth in ways that influence PFAS concentrations. In both age groups (12--18, and ≥ 19--60), we calculated the main effect of PFASs on Rubella titres controlling for the covariates, age, BMI, educational level, sex, ethnicity and the interactions of sex and ethnicity with PFASs. If no significant main effect of PFASs on Rubella titres was found, we would report negative results and not massage the data by doing further analyses. The point of including interaction terms (with sex and ethnicity) was to investigate whether stratified analyses were justified. Earlier studies on PFASs from our group \[[@pone.0203330.ref001], [@pone.0203330.ref002], [@pone.0203330.ref031]\] have found sex specific responses to PFASs to be the rule rather than the exception. If significant main effects of PFASs were found, and there were significant interactions of sex or ethnicity with PFASs, we would analyze the data further, stratifying according to the interaction that was significant. The goal was not to compare men to women or ethnicities to one another, but to assess the effect of PFASs on Rubella within group to assure that highly significant effects in one sex /ethnicity group had not generalized to all. Quartiles of PFASs were calculated separately in adults and youth.

Preliminary analyses of the current NHANES dataset, indicated that the 'yes' / 'no' response to whether or not the respondent had children was significantly associated with rubella titer and that the continuous variable (number of children) was significantly associated with PFOA concentrations. For these reasons and because of the transfer of PFASs to the fetus during pregnancy indicated by earlier work from our group \[[@pone.0203330.ref008]\], we also made the decision to control for parity in women, should stratification by sex be indicated.

Thus, in the initial analyses we simply fitted multivariable linear regression models separately for the effect of PFOA and PFOS quartiles (treated as categorical variables) of rubella titres in adults and youth, adjusting for age, BMI, ethnicity, education, as well as interactions of sex and ethnicity with PFASs. These analyses were essentially preliminary analyses to investigate whether there was any effect of PFASs on rubella titres and to see whether tests for effect size should be stratified by either sex or ethnicity. Sex had a binary code (0, 1) so a significance in this variable indicated an effect of sex. Analyses were calculated with Proc Surveyreg, SAS version 9.3 to account for survey weights and design (SAS Institute, Inc., Cary, North Carolina).

Results {#sec013}
=======

Descriptive statistics {#sec014}
----------------------

[Table 1](#pone.0203330.t001){ref-type="table"} presents the characteristics of the study population. Approximately 37% of the sample were non-Hispanic white men, 6% non-Hispanic black men, and 9% Hispanic. Percentages were similar in women. About twenty-three percent of the youth in this cohort were non-Hispanic white, 31% non-Hispanic black, and 42% Hispanic. About 49% were female and 44% of adults lived in households where the highest level of education was more than a high school education. The average PFOA concentration was about 6 ng/mL (standard error ± 0.3) in men, 4.3 ng/mL in women and 4.8 ng/mL in youth. Sex differences in adults were significant. The average PFOS concentration in men was 28.1 ng/mL (standard error ± 0.7), 22.1 ng/mL in women and 25.1 in youth.

10.1371/journal.pone.0203330.t001

###### Descriptive statistics (rounded to the nearest decimal)[\*](#t001fn001){ref-type="table-fn"}.

![](pone.0203330.t001){#pone.0203330.t001g}

                                     Men          Pr.     Women        Youth (12--18)
  ---------------------------------- ------------ ------- ------------ ----------------
  Age (mean ± SE)                    34.3 ± 0.7   .0001   35.2 ± 0.7   15.0 ± 0.6
  BMI (mean ± SE)                    28.0 ± 0.3   .0001   28.5 ± 0.5   23.8 ± 0.2
  PFOS ng/mL (mean ± SE)             28.1 ± 1.3   .0001   22.1 ± 0.9   25.1 ± 0.4
  PFOA ng/mL (mean ± SE)             6.0± 0.3     .0001   4.3 ± 0.2    4.8 ± 0.7
  Rubella Titer IU (mean ± SE)       74.7.± 3.4   .001    69.3 ± 2.7   52.8 ± 2.4
  **Race/ethnicity**                 \%           0.44    \%           
   Non-Hispanic White (%)            36.6                 35.1         22.9
   Non-Hispanic Black (%)            5.6                  6.7          30.9
   Mexican American/ Hispanic (%)    8.5                  7.5          41.6
  **Education**                                   0.42                 
  Less Than High School (%)          8.2                  8.5          35.1
  High School Grad/GED/Equival (%)   15.4                 12.7         21.7
   More Than High School (%)         27.0                 28.3         39.2

\*P-value for significance set at 0.05. Analyses separated by sex in adults due to a significant interaction between sex and PFASs

Whole group analyses---Youth {#sec015}
----------------------------

Whole group linear regression analyses of youth (12--18 years) showed no significant associations with Rubella titres for either PFOA or PFOS adjusting for covariates, nor were there interactions of PFASs with sex or ethnicity. The results can be seen in [Table 2](#pone.0203330.t002){ref-type="table"}. Thus, in adherence with our analytic strategy, we did not stratify or analyze this group any further.

10.1371/journal.pone.0203330.t002

###### Youth[\*](#t002fn001){ref-type="table-fn"}.

![](pone.0203330.t002){#pone.0203330.t002g}

  Effect (N = 1196)                                          F Value   Pr \> F
  ---------------------------------------------------------- --------- ---------
  **PFOA**                                                             
  PFOA quartile                                              0.34      0.7974
  Sex                                                        0.31      0.5828
  Ethnicity                                                  14.47     \<.0001
  Sex[\*](#t002fn001){ref-type="table-fn"}PFOA quartile      0.32      0.8088
  Ethnic[\*](#t002fn001){ref-type="table-fn"}PFOA quartile   0.68      0.6637
  **PFOS**                                                             
  PFOS Quartile                                              1.44      0.2512
  Sex                                                        0.27      0.6045
  Ethnicity                                                  18.59     \<.0001
  Sex[\*](#t002fn001){ref-type="table-fn"}PFOS quartile      0.88      0.4631
  Ethnic[\*](#t002fn001){ref-type="table-fn"}PFOS quartile   1.33      0.2742

\*Regression analyses of log rubella titres on PFOA and PFOS quartiles adjusted for age, sex, educational level, ethnicity, BMI and sex/ethnicity interaction terms.

Whole group analyses---Adults {#sec016}
-----------------------------

In adults, there was a significant association between both PFOA (p = 0.0016) and PFOS (p = 0.0295) quartiles and rubella titers after controlling for covariates (sex, age, ethnicity, education, BMI and the interactions between sex and PFOA and ethnicity and PFOA). Interactions between sex and PFOA were significant (p = 0.0193) but with PFOS only borderline significant (0.0609) in adults. These can be seen in [Table 3](#pone.0203330.t003){ref-type="table"}.

10.1371/journal.pone.0203330.t003

###### Adults[\*](#t003fn001){ref-type="table-fn"}.

![](pone.0203330.t003){#pone.0203330.t003g}

  Effect (N = 1193)                                            F Value   Pr \> F
  ------------------------------------------------------------ --------- ---------
  **PFOA**                                                               
  PFOA Quartile                                                6.60      0.0016
  Sex                                                          3.50      0.0716
  Ethnicity                                                    4.21      0.0249
  Sex [\*](#t003fn001){ref-type="table-fn"} PFOA quartile      3.86      0.0193
  Ethnic [\*](#t003fn001){ref-type="table-fn"} PFOA quartile   1.92      0.1117
  **PFOS**                                                               
  PFOS Quartile                                                3.44      0.0295
  Sex                                                          1.82      0.1883
  Ethnicity                                                    3.74      0.0359
  Sex [\*](#t003fn001){ref-type="table-fn"} PFOS quartile      2.75      0.0609
  Ethnic [\*](#t003fn001){ref-type="table-fn"} PFOS quartile   0.89      0.5179

\*Regression analyses of log rubella titres on PFOA and PFOS quartiles adjusted for age, gender, ethnicity, BMI, educational level and sex/ ethnicity interaction terms.

Due to the significant sex x PFOA interaction and borderline significant PFOS interaction, we stratified the subsequent analyses for estimates and confidence intervals by sex, fitting multivariable linear regression models to calculate and compare log rubella IgG titer for each quartile of PFOS and PFOA. The lowest quartile was used as the referent.

Analyses stratified by sex {#sec017}
--------------------------

There were no significant associations between rubella titres and either PFOA or PFOA concentrations in women. In men, only PFOA showed significant negative associations with rubella titres, indicating that the higher the PFOA, the lower the Rubella titre. The closest PFOS came to significance in men was p = 0.08 between the second and first quartiles. The PFAS data for both men and women can be seen in [Table 4](#pone.0203330.t004){ref-type="table"}.

10.1371/journal.pone.0203330.t004

###### Adult analyses stratified by sex.

![](pone.0203330.t004){#pone.0203330.t004g}

  --------------------------------------------------------------------------------------------------
  WOMEN          MEN                                                                  
  -------------- --------- -------- ------------- -------------- ----------- -------- --------------
  **PFOA**\                                       **PFOA**\                           
  **Quartile**                                    **Quartile**                        

  Quartile 1     0.0000                           Quartile 1     0.0000               

  Quartile 2     -0.2536   0.0636   -0.52, 0.02   Quartile 2     \- 0.1382   0.3387   -0.43, 0.15

  Quartile 3     -0.1495   0.6856   -0.90, 0.60   Quartile 3     -0.5477     0.0002   -0.81, -0.28

  Quartile 4     -0.1658   0.6769   -0.97, 0.64   Quartile 4     -0.4450     0.0278   -0.84, -0.05

  **PFOS**\                                       **PFOS**\                           
  **Quartile**                                    **Quartile**                        

  Quartile 1     0.000                            Quartile 1     0.0000               

  Quartile 2     0.0450    0.81     -0.34, 0.43   Quartile 2     -0.1987     0.35     -0.62, 0.23

  Quartile 3     0.0439    0.87     -0.51, 0.60   Quartile 3     -0.3179     0.08     -0.69, 0.05

  Quartile 4     -0.1664   0.73     -1.13, 0.80   Quartile 4     0.0086      0.97     -0.54, 0.56
  --------------------------------------------------------------------------------------------------

Regression analyses of log rubella titres on PFOA and PFOS quartiles adjusted for age, sex, ethnicity, BMI and educational level, as well as number of live births in women (only in women because they lose PFASs with blood during delivery).

Discussion {#sec018}
==========

When men and women were analyzed together, controlling for sex and ethnicity, both PFOA and PFOS showed significant associations with rubella titre. The interaction for sex x PFOA was highly significant, whereas the interaction of sex with PFOS was only borderline. In analyses stratified by sex, PFOA showed significant negative associations with rubella titres only in men. One quartile of PFOS was also borderline significant in men. This illustrates that a strong value in only one sex can carry over into an overall significance for the whole group when sex is adjusted for in the analyses, leaving the reader with incorrect conclusions about risk. [Table 1](#pone.0203330.t001){ref-type="table"} shows that the differences in levels of rubella titres between men and women are significant. This apparent discrepancy could be partly due to the previously mentioned sex differences related to menstrual cycles \[[@pone.0203330.ref022]--[@pone.0203330.ref026]\] and parity. If women have lower concentrations of PFASs to begin with, it may explain why the subsequent stratified analyses controlling for parity in women show a more pronounced effect of PFOA than PFOS on rubella titres in men.

Previous findings {#sec019}
-----------------

Unlike previous findings associated with tetanus, diphtheria immunity \[[@pone.0203330.ref017]\], this study does not show immune system effects of PFASs in youth, however, the children in the earlier study, a Danish birth cohort, were under the age of 5, whereas our study included only youth between 12--18 years. The earlier study found that elevated PFAS exposure was associated with a decreased humoral immune response and increased odds of having an antibody level below a clinically protective level. As we had no children under 5 in our dataset we were unable to test whether that age group might also be especially vulnerable to PFAS effects on rubella immunity. However, a more recent study \[[@pone.0203330.ref032]\] also analyzed NHANES data, defining youth as ages 12--19 found a significant negative correlation between rubella titre and PFASs in the seropositive group only. It was also unclear to us why youths up to the age of 19 were classified as children in that study and we chose to use the more common cutoff of 18. As to seropositivity, there are multiple possible approaches. We chose not to do separate analyses for seropositive and seronegative groups for the several reasons. Our earlier research and that of others \[[@pone.0203330.ref002], [@pone.0203330.ref008]--[@pone.0203330.ref009]\] has shown that PFASs are endocrine disrupters and accumulating data support an association between endocrine disruption and the immune system \[[@pone.0203330.ref033]--[@pone.0203330.ref035]\]. There is justification for both approaches and we believe that this supports our contention that careful thought should be given to analytic strategy due to its important consequences for interpretation of results.

Traditional toxicology analysis strategies {#sec020}
------------------------------------------

It has been traditional in toxicology analyses to use sex as a covariate in multivariable regression equations \[[@pone.0203330.ref017], [@pone.0203330.ref019]\]. We believe that for a number of reasons this can lead to misleading interpretation of the data. First, a statistically large effect in one sex can generalize to the entire group when analyses are adjusted for sex, making it look as if the effect is generalized across all. Second, men and women are fundamentally different physiologically. This has been demonstrated in our previous work with PFOA and PFOS \[[@pone.0203330.ref002], [@pone.0203330.ref008], [@pone.0203330.ref029]\].

The varying effect of PFAS exposure on immunity in men and women found in this study is actually not surprising, not only because women have lower concentrations than men but also because women are known to mount a more robust immune response to antigenic challenge than men. Women have shown increased antibody responses to many vaccines; mumps \[[@pone.0203330.ref036]--[@pone.0203330.ref037]\], smallpox \[[@pone.0203330.ref038]\], influenza \[[@pone.0203330.ref039]\], and rubella \[[@pone.0203330.ref036], [@pone.0203330.ref040]\] when compared with men. With respect to the influenza vaccine women have been found to respond to a half dose of vaccine at comparable levels to men given a full dose \[[@pone.0203330.ref039]\]. The increased robustness of the immune response in women may explain why they seemed to be less vulnerable to reduced rubella immunity from PFAS exposure than men. It should also be noted that women have higher rates of many autoimmune diseases \[[@pone.0203330.ref041]\]; scleroderma, Sjogren's syndrome, rheumatoid arthritis and systemic lupus erythematosus suggesting other sex related differences in immunity Mediating mechanisms such as pharmacokinetics, receptor signaling and effect on immune cells require further research.

Limitations {#sec021}
-----------

The main limitation of this study is that NHANES data is cross-sectional and therefore the temporal nature of the association between PFASs and humoral immune response could not be determined. We also did not have young children in this cohort. There are other factors that might have influenced rubella titres that were not available for examination. There was no information concerning whether the participants had actually been vaccinated or had had rubella infection which could influence seropositivity. There was also no information as to the age at which vaccination occurred, other infections, or variation in vaccination rates and schedules.,

Despite the caveats, we believe that these data indicate caution in the way toxicology data are analyzed and a preference for stratifying by rather than controlling for sex. A clear rationale for analytic strategies should be included in reports.

Conclusions {#sec022}
===========

Our findings suggest that there are sex specific responses in the immunity to rubella associated with PFAS exposure and that it is important to include examination of sex x exposure interactions when analyzing immune responses to potentially toxic agents.
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